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Summary

Structural characteristics such as natural frequencies and

buckling loads with corresponding mode shapes were

investigated during progressive fracture of multilayer, angle-

plied polymer matrix composites. A computer program was
used to generate the numerical results for overall mechanical

response of damaged composites. Variations in structural

characteristics as a function of the previously applied loading
were studied. Results indicate that most of the overall structural

properties were preserved throughout a significant proportion

of the ultimate fracture load. For the cases studied, changes

in structural behavior began to occur after 70 percent of
the ultimate fracture load had been applied. However, the

individual nature of the structural change was rather varied

depending on the laminate configuration, fiber orientation, and
the boundary conditions.

Introduction

The overall dynamic behavior and stability of partially

damaged composite structures is of interest from two per-

spectives: (1) the need to predict whether a structure or

component will remain safe and perform the required function

when local damage or fracture occurs at various locations and

(2) the need to use dynamic test response measurements with

a structural identification procedure to assess the total damage

sustained because of previous loading or environmental effects.

The free-vibration response of damaged angle-plied fiber

composites has been studied in the past, both experimentally

and by computational simulation (refs. 1 and 2). Although

these past studies of structural response for damaged compos-

ites have shown remarkable agreement between experimental

and computational predictions, proper assembly of the corn-

putational model for the simulation of load-induced damage

has required considerable judgment and intuition. In a paral-

lel course of investigation, a computational and experimental
program was launched at NASA Lewis Research Center to

study the progressive fracture of fiber composite laminates with

regard to their performance in aerospace propulsion structures

(refs. 3 and 4). The computational procedure to simulate

progressive fracture has resulted in the computer code

CODSTRAN (Composite Durability Structural Analyzer).

CODSTRAN has been validated by an experimental program

for fiber composites subjected to progressive fracture under

axial loading.

The purpose of this report is to unify the computational tools

that have been developed at NASA Lewis for the prediction

of progressive damage and fracture with efforts in the predic-
tion of overall response of damaged composite structures. In
the present approach, the computational finite element model

for the damaged structure is constructed by the computer pro-

gram as a byproduct of the analysis of progressive damage

and fracture. Thus, a single computational investigation is able

to predict progressive fracture and the resulting variation in

structural properties of angle-plied composites. The combined

numerical procedure is amenable to development as a non-

destructive evaluation method for the structural integrity of
multi-ply composites.

Method of Computation

For this analysis, the ICAN (Integrated Composite Analyzer)

and MHOST programs (refs. 5 to 7) were combined to form

CODSTRAN in order to simulate progressive damage in

composite structures. ICAN is capable of determining the

ability of the composite to withstand various stresses and

strains, and it predicts all possible internal damage and fracture



inthecompositematerial.InputparametersofICANinclude
thedefinitionof thematerialsystem,fibervolumeratio,
laminateconfiguration,fabricationfactors,andenvironmental
conditionssuchastemperatureandhumidity.Theoutput
parametersincludecompositehygral,thermal,andmechanical
propertiesthatareneededtoperformstructuralandstress
analysesinthespecifiedserviceenvironment.ICANutilizes
aresidentdatabankthatcontainsthepropertiesofavariety
of fiberandmatrixconstituentmaterialsandhasprovisions
to addnewconstituentsastheybecomeavailable.

TherecursiveuseofICANwithalinearstructuralanalysis
programresultsin a piecewiselinearincrementalloading
analyzerwithequilibriumchecksanditerationsateachload
increment(CODSTRAN).Inthepast,ICANhasbeencom-
binedwithvariousstressanalyzerssuchasNASTRAN(ref.8)
to formtheCODSTRANprogram.Thecurrentversionof
CODSTRANusesMHOST(ref.7)asthestructuralanalysis
modulebecausetheMHOSTquadrilateralshellelementcan
acceptthecompositematerialconstitutiverelationsdefinedby
ICANtoproducethefiniteelementproperties.

FourteendistinctfailuremodesarecheckedbyICANateach
loadincrementduringa CODSTRANanalysisstage.The
failuremodesthataremonitoredincludethefailurecriteria
associatedwiththepositiveandnegativelimitsofallsixstress
components,a modifieddistortionenergyfailurecriterion,
andarelativerotationcheck.TheCODSTRANincremental-
loadingprocedureusesanaccuracycriterionbasedonthe
maximumnumberofnodesthatareallowedtobedamaged
duringtheapplicationof aloadincrement.In thisparticular
study,fournodeswereallowedasthemaximumnumberof
nodestobedamagedor fracturedduringaloadincrement.
If toomanynodesweredamagedor failedinagivenload
increment,theincrementalloadswerereducedandtheanaly-
siswasrepeated.Otherwise,equilibriumiterationswere
conducted,asrequired,underthesameloadincrementuntil
theappliedloadswerebalancedbythecompositestresses.
Duringanalysis,structuralstiffnesswasreducedatdamaged
nodeswhenevertheICANmoduledeterminedthatit was
appropriate.Whenanodefailedcompletely,thatnodewas
deletedandnewdetachednodeswerecreatedatthesamepoint
for theremainingadjacentfiniteelements.Thisprocess
effectivelysimulatesthethrough-the-thicknessfractureofthe
composite.Whenevertwoadjacentnodesofafiniteelement
failed,thatelementwasremovedfromthemesh.

Forthecurrentstudy,theCODSTRANprogramwasmodi-
fiedto conducta free-vibrationanalysisandaneigenvalue
bucklinganalysisatcertainstages.Eigenvalueanalyseswere
first conductedbeforeloading.Laterduringprogressive
fracturecomputations,theeigenanalyseswererepeatedafter
eachequilibriumstageonthecurrentdamagedstateof the
structure.ThemodificationstoCODSTRANconsistof the
additionof subroutinesthatpreparetheinputdatafor free-
vibrationandbucklinganalysesandthatreferencetheMHOST
moduletoconducttheeigenanalyseswheneverequilibriumis
reachedduringtheincremental-loadingprocedure.Theresult

isanewversionofCODSTRANthatconductsthepreviously
verifiedprogressivefractureinvestigationincompositelam-
inatesandthat,inaddition,carriesoutfree-vibrationandlin-
earbucklinganalysesduringtheprogressionof damageto
determinetheeffectsofdamageonoverallstructuralbehavior.

Example Composite Structures and
Numerical Results

An intermediate stiffness T-300/Epoxy composite structure

was selected for the initial investigations. A simple planar

computational model with a small rectangular central notch

was used (fig. 1). The symmetric laminate for the present study

has fiber orientations of [+ 15° Is, with zero degrees corre-

sponding to the axial loading direction. A rectangular plate

that was 4 in. long, 3 in. wide, and 0.13 in. thick was con-

sidered. Two support conditions were used:

(1) Simple support on the 3-in. edges, but no support (free)

on the longer edges along the axial direction

(2) Simple support on all four edges

In each case the plate was analyzed under a gradually applied

uniform axial tensile loading. Progressive damage and fracture

were monitored as the applied loading was increased. As the

composite structure deteriorated under loading, its overall

response properties, such as natural frequencies and buckling

loads with their associated mode shapes, were expected to

degrade as well. The buckling load was calculated based on

a uniformly distributed compressive load applied at the ends

of the plate in the axial direction.

Figure 2 shows, for support condition 1, the decline in the

first three natural frequencies and in the fundamental buckling

load as a function of the load endured by the plate. On the
ordinate in figure 2, Fi/Fio denotes the i th natural frequency

normalized with respect to its undamaged value. Similarly,

BL/Blo denotes the normalized value of the first buckling load.
There is no perceivable degradation in the plotted structural

properties for up to about 70 percent of the ultimate fracture
loading. This is consistent with the absence of any internal

damage in the composite plate up to the same load level. After
damage, both the natural frequency and the buckling load are

reduced significantly (fig. 2). Free-vibration and buckling

eigenvector mode shapes are similarly affected because of

damage and fracture.

Figure 3 shows the mode shape fringes for the first three

free-vibration modes and the first buckling mode before

loading. Figures 4 and 5 show the same mode shapes for 94

and 97 percent of the ultimate fracture load, respectively. As

expected, there are some changes in the overall structural

behavior after the application of such high levels of loading.
Nevertheless, the structure still behaves as a continuous unit

in spite of a significant amount of internal damage and fracture.

However, the free-vibration and buckling mode shapes are not
completely symmetrical even though the composite laminate

fiber orientations are symmetrical with regard to axial loading.



Thelackofcompletesymmetryinthemodeshapesismainly
duetotheorientationoftheouterfiberlayershavingamuch
greaterinfluenceontheflexuralpropertiesofthelaminate.

Figure6showsthedegradationofbucklingloadandnatural
frequenciesforthesameplate,butnowsimplysupportedon
allfouredges(supportcondition2).Thenormalizedplotsfor
overallmechanicalpropertiesdepictedinfigure6aresimilar
to thosecorrespondingto supportcondition1(depictedin
fig.2).Onesignificantdifferenceis thatthebucklingload
increasesabovetheoriginalundamagedvaluejustbefore
ultimatefailure.Thiseffectiscausedbythefragmentationof
theplatestructuralbehaviorunderthecombinedinfluences
ofthebucklingloadandtheboundaryconditions.Becauseof
localdegradation,apartialflexuralhingeformsatthecenter
oftheplatealongtheexistingnotch,effectivelyseparatingthe
plateintotwohalvesfromanelasticstabilityviewpoint.When
thetwohalvesoftheplatebehaveindependently,thebuckling
loadisincreased.Also,afteracertainamountofloading,the
secondandthethirdvibrationfrequenciesswitchtheirmode
shapes.Theseeffectsareexaminedfurtherinlaterparagraphs
withthehelpof thecorrespondingmodeshapefringes.

Figure7 showsthemodeshapesforthefirstthreefree-
vibrationmodesandthefirstbucklingmodebeforeloading.
Becauseof theadditionalrestraintsat theboundariesfor
supportcondition2,themodeshapesaremoresignificantly
affectedbytheboundaryconditions.Forthatreason,thefirst
vibrationmode(fig.7(a))andthefundamentalbucklingmode
(fig.7(d))arevirtuallyidentical,indicatingthatinthiscase
boundaryconditions,ratherthanexternaleffects,havethe
controllinginfluenceonstructuralbehavior.It isalsonote-
worthythatthesecondandthethirdvibrationmodeshapes
arenowmoreobviouslyaffectedbycompositelaminatefiber
orientationsthatmaketheplatesignificantlymorestiffinthe
axialdirection.Asaresultandinspiteofthetransversecentral
notchintheplate,thevibrationmodeproducingatransverse
fullwave,mode2, is lowerin frequencythanthevibration
modeproducingalongitudinalfullwave,mode3.Themode3
naturalfrequencyisalmosttwicethemode2 frequency.

Figure8 showsthe samemodeshapesfor support
condition2,for91percentof theultimatefractureload.At
91 percentof loading,thecentralnotchextendsin the
transversedirectionwhentheelementsadjacenttothenotch
fail.Thereissomedecouplingof thetwosidesof theplate
separatedbythenotchasindicatedbythereductionofmodal
symmetryacrossthecenterof theplate.Thisreductionin
symmetrymaybeobservedinvibrationmodes1and3and
inthebucklingmode.Theoverallmodeshapeconfigurations
for thesecondandthirdfree-vibrationfrequenciesremain
astheywerepriortoloading.Thereissomereductioninall
threenaturalfrequenciesandthebucklingload.However,
becauseoftheextensionofthecentralnotch,thethirdnatural
frequencyisreducedmoresignificantlythanthesecondnatu-
ralfrequency:thevibrationfrequencyofmode3isnowonly
18percenthigherthanthevibrationfrequencyof mode2.

Figure9showsthemodeshapesforsupportcondition2,
for94percentof theultimatefractureload.At thisloading
stageadditionalelementsoneithersideofthecentralnotch
aswellasthenodesatbothendsofthenotchhavefailed.As
aresult,thenaturalfrequencycorrespondingtothevibration
modewiththelongitudinalfullwavehasbeenreducedbelow
thatofthemodewiththetransversefullwave.Inotherwords,
thesecondandthirdvibrationmodeshaveswitchedtheorder
of theirnaturalfrequencies.Nevertheless,thestructurestill
appearstobehaveasacontinuousunitinspiteofasignificant
amountof internaldamageandfracture.

Thebucklingmode,asdepictedin figure9(d),shows
significantdecouplingof thetwosidesoftheplateseparated
bythecentralnotch.Becauseofboundaryrestraints,structural
decouplingreducestheeffectivebucklinglength,andconse-
quently,thefundamentalbucklingloadatthisadvancedstage
of localdamageincreasessignificantly.

Atveryhighlevelsofloading,structuraldamagebecomes
pervasiveatallpartsoftheplate,whichceasestobehaveas
acontinuousstructure.Parts(a)and(b)of figure10show,
respectively,theshapesofthethirdvibrationmodeandthe
bucklingmodeafter98percentoftheultimatefractureload
hasbeenapplied.Thefirsttwovibrationmodesarenotshown
becausetheyaretrivialcaseswithzeroeigenvaluesandinvolve
onlydisjointelementssimilartothoseinthebucklingmode.
Thethirdvibrationmode(fig. 10(a))involvesonlyasmall
portionoftheplatethatappearstohavebeensparedcomplete
degradationbecauseofitsremotenessfromtheappliedloading
andbecauseofthestressreliefprovidedbytheexistingcentral
notch.Figure10(b)indicatesthatatthishighlydamagedstage
thefirstbucklingmodecomputedbytheanalysismoduleno
longerrepresentsa structuralresponsecharacteristic.This
bucklingmodehasnosignificanceotherthantoindicatethatthe
structurehascompletelylostitsintegrity.

To investigatetheeffectsof dimensionalchangeson
structuraldegradation,computationalinvestigationswithboth
supportconditionswererepeatedwitha longerplate.The
lengthof thecompositeplatewasincreasedfrom4 to6 in.
whileall otherpropertieswerekeptthesame.Thefinite
elementmodelforthislongergeometryisshowninfigure11.
Thenumberof finiteelementswereincreasedtokeepthe
elementsizessimilartothatoftheshortermodel.Normalized
degradationcurvesfor supportcondition1 areplottedin
figure12.Thedegradationcurvesdepictedinfigure12show
characteristicssimilartofigure2,whichwasfortheshorter
modelwith the sameboundaryconditionsandidentical
compositelaminateconfiguration.Asit wasfortheshorter
plate,thereisnostructuraldegradationuptotheapplication
ofapproximately70percentoftheultimatefractureload.After
theinitiationof structuraldamage,thegeneralcharacterof
thedegradationcurvesaresimilar;however,therearesome
differencesbecauseof thechangeingeometry.Thesecond
andthirdnaturalfrequenciesdegradeidenticallyinthiscase,
andthebucklinginstabilityis reachedbeforecomplete



structuralfracture.Theearlyinstabilitymaybeexpectedfrom
alongerspecimen.However,toexplaintheidenticaldegra-
dationofthesecondandthirdnaturalfrequencies,wewillhave
toexaminethecorrespondingmodeshapes.

Figure13showsthemodeshapesforthefirstthreefree-
vibrationmodesandthefirstbucklingmodebeforeloading
undersupportcondition1.Thesecondandthirdvibration
modesbothhavetheircontrollingwavelengthsapproximately
inthetransversedirectionoftheplate;infact,vibratorywave
directionatthecenteroftheplateappearstobeperpendicular
totheorientationoftheouterlayerfibersforthesetwomodes.
Thesecondandthirdvibrationmodesdegradeidentically
becausebothareinfluencedonlybythetransverseproperties
oftheplateattheearlystagesofdamage.Ontheotherhand,
thefirstvibrationmodeandthefundamentalbucklingmode
areinfluencedmorebythelongitudinalpropertiesandthe
overallgeometryof themodel.

Figure14showsthesamemodeshapesat91percentofthe
ultimatefractureload.Similartothecaseoftheshortermodel,
thecentralnotchextendsinthetransversedirectionwhenthe
elementsadjacenttothenotchfail.Alsosimilartotheshorter
modelunderthesameboundaryconditions,theredoesnot
appeartobeanysignificantchangeinthemodeshapesatthis
stageofloading.

Figure15showsthemodeshapesafter95percentof the
ultimatefractureloadhasbeenapplied.Thereisadditional
damageandfailureatthecentralnotchof themodel.The
secondvibrationmodeswitchestoatransversewavepattern
becauseof theweakeningof thecenterof theplateand
increasedstructuraldecouplingofthetwosidesseparatedby
thecentralnotch.Theotherthreemodeshapesthatare
depicteddonotappeartobesignificantlyaffectedby the
weaknessof thecenter.However,anyadditionalloading
causesrapidstructuraldeteriorationanddisintegrationofthe
platemodel.

Figure16showsthenormalizeddegradationcurvesforthe
bucklingloadandnaturalfrequenciesforthesame3-by6-in.
plate,butnowsimplysupportedonall fouredges(support
condition2).Asinthepreviouslystudiedcaseswiththesame
material,structuraldegradationbeginsafter70percentofthe
ultimatefractureloadisapplied.However,oncedegradation
is initiated,thebehaviordiffersfromtheothercases.The
bucklingloadincreasesearlywithstructuraldamagebecause
ofthehighertendencyofthetwohalvesoftheplatetobehave
independently.Theorderof vibratorymodefrequenciesis
changedas it wasin the shortermodelundersupport
condition2.

Tostudytheeffectsof therelativestiffnessesofthefiber
andmatrixon thecompositestructure,weanalyzedan
S-glass/HMHSlaminate(laminateofS-glassfiberswithahigh-
modulus,high-strengthmatrix).Thistimeweusedamore
congruentmodularratioandthe3-by6-in.computational
modelundersupportcondition1. Degradationcurvesfor
investigatedstructuralpropertiesareshowninfigure17.The
resultsare,ingeneral,similartothosefortheT-300/Epoxy

compositeexceptthat,in theS-glass/HMHScomposite,
structuraldamagewasmoreuniformlydistributedexhibiting
amorenonlinearbehaviorwithsmootherdegradationcurves.
In addition,higherfrequencymodesweremoreseverely
affectednearthe ultimateloadfor the S-glass/HMHS
composite.

Discussion and Conclusions

The present version of CODSTRAN was constructed from

previously validated computational modules, accordingly the

results are expected to be reliable predictions for the progres-

sive fracture and degradation of composite structures.

According to computational predictions and general obser-

vations of depicted structural response characteristics, overall

mechanical properties of the plate structure are most strongly

influenced by composite fiber orientations and boundary con-

ditions. Dimensional variations play a less important role; yet,

there are perceivable changes in modal behavior when

dimensional changes are accompanied by overconstrained

boundary conditions. For example, changing the plate length

from 4 to 6 in. under support condition 2 has a more significant

influence on modal behavior than it does under support
condition 1.

The variation in the detailed composite behavior in the

limited examples examined in this report indicates that general

conclusions regarding the behavior of damaged composites
remain elusive: there is no simple generalization or rule

relating the degraded structural characteristics of damaged
angle-plied composite structures to the actual amount of

damage present in the composite material. Accordingly, the
necessity of reliable computational composite mechanics

to predict the significant structural behavior patterns for

each material, laminate, fiber orientation, geometry, boun-

dary condition, and loading of a composite structure is
reacknowledged.
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